Crop plants are subjected to multiple abiotic stresses during their lifespan that greatly reduce productivity and threaten global food security. Recent research suggests that plants can be primed by chemical compounds to better tolerate different abiotic stresses. Chemical priming is a promising field in plant stress physiology and crop stress management. We review here promising chemical agents such as sodium nitroprusside, hydrogen peroxide, sodium hydrosulfide, melatonin, and polyamines that can potentially confer enhanced tolerance when plants are exposed to multiple abiotic stresses. The challenges and opportunities of chemical priming are addressed, with the aim to boost future research towards effective application in crop stress management.
synthetic chemical compound. Chemical priming presents opportunities for more effective use of plant priming in plant stress physiology studies and crop stress management.
Use of chemical compounds as priming agents has been found to improve plant tolerance significantly in various crop and non-crop species against a range of different individually applied abiotic stresses (Table S1 in the supplemental [ 1 0 _ T D $ D I F F ] information online). Although few studies have employed chemical agents against combined abiotic stresses, these studies are yielding promising results [12, 13] . Previous reviews have mainly focused on priming against biotic stresses [9, 14] or on the use of individual chemical agents against different abiotic and/or biotic stresses [15, 16] . However, not much attention has been paid yet to the use of chemical priming against different, sole and combined, abiotic stresses and its effective application in crop stress management. We discuss key findings from the latest research on chemical priming agents that suggest they could be used to reduce the effects of abiotic stresses in commercial crops. The ability of these agents to enhance tolerance to different abiotic stresses, and the specific aspects of their mode of action summarized in this review, suggest great potential for their use against multiple abiotic stresses. We conclude that further research towards fully elucidating their mode of action would be of great significance for plant stress physiology research. In addition, focusing on specific challenges and opportunities related to this technology, such as the mode of application, new methodologies (e.g., seed priming), and the potential impacts of chemical priming on the environment, would result in the optimum and rapid establishment of this technology in crop stress management.
Promising Chemicals for Enhancing Multi-Stress Tolerance
Many types of molecules have the potential to act under specific conditions as a priming agent against a range of different abiotic stresses [14] . A review of the relevant literature reveals a vast range, including amino acids (e.g., proline [17] ), hormones (e.g., salicylic acid [18]), reactive oxygen-nitrogen-sulfur species (RONSS [19, 20] ), and even water (i.e., hydropriming [21] ). Some of these agents are effective in inducing plant tolerance to various individually applied abiotic stresses (Table S1 ).
RONSS
Reactive species have long attracted attention in plant science on the basis of both their protective as well as damaging effects. The priming effect of these molecules is exerted largely through their cellular signaling function, which has been linked to the regulation of transcriptional as well as post-translational phenomena. A multitude of reports demonstrate the priming effect against various abiotic stress factors of reactive oxygen species (ROS), particularly hydrogen peroxide (H 2 O 2 ), when applied in low concentrations. Similar observations have been made for reactive nitrogen species (RNS), nitric oxide (NO) being the most commonly studied representative of this group of compounds. NO is donated indirectly by chemical donors such as sodium nitroprusside (SNP). However, most attention is focused on hydrogen sulfide (H 2 S), attested by the existence of numerous reports on the potential use of H 2 S as a priming agent against virtually any type of abiotic stress [16] . Particularly interesting was the establishment of the existence of a complex interaction between ROS and RNS, in which both reactive species are used by plants as signal transduction molecules during basic biological and cellular processes [22] ; it has recently been suggested that reactive sulfur species (RSS) may also play a role in this interaction [23] . Interestingly, it should be noted that RNS and RSS applied at low concentrations have shown growth-promoting properties under non-stress conditions [16, 24] . Naturally-Occurring Metabolites Another category of priming agents currently attracting attention comprises naturally occurring metabolites, including vitamins (e.g., ascorbate [25] ) and hormones. The priming function of these molecules may be exerted through indirect mechanisms, such as via osmoprotection (e.
Glossary
Hardening: or cold hardening, the process whereby exposure to low but non-lethal temperatures increases plant tolerance (or the capacity to survive) to subsequent low or freezing temperatures that would be fatal without the hardening treatment. Heat-shock proteins (HSPs): molecular chaperones that play a role in preventing protein aggregation by assisting refolding, import, and translocation, and are involved in signal transduction and transcriptional activation [96] . Melatonin (N-acetyl-5-methoxytryptamine; Mel): has many physiological roles in animals and plants. In plants, it acts as a growth regulator, an antioxidant, and has the capacity to fortify plants against abiotic stresses [33] . Polyamines (PAs): nitrogencontaining compounds of low molecular weight. Spermine (Spm), putrescine (Put), and spermidine (Spd) are considered as the most abundant PAs, and these can also be found in plants. They overlapping physiological functions in plants [29] , while it was demonstrated that enhanced NO bioavailability leads to altered PA homeostasis [30] . In addition, the role of PAs in NO production has been indicated [31] . Furthermore, it has long been shown that PAs are linked to ROS homeostasis through their catabolic pathway [32] . These observations suggest a clear link between PAs and nitro-oxidative signaling which could regulate stress responses in plants. Another natural metabolite which is being evaluated by numerous researchers as a biostimulant or growth-promoting molecule is the indoleamine molecule melatonin (Mel), which is also involved in multiple physiological processes in plants [33] . The priming potential of Mel as an exogenously applied agent is the result of its dual mode of action as both a direct antioxidant molecule and also a trigger of antioxidant responses in plants [34] ; the evidence indicates that environmental stress can increase the level of endogenous Mel in plants as a protective response [15] .
Synthetic Agents Synthetic chemistry can also be employed to produce potent priming agents. An interesting example is that of the strobilurins, which belong to a group of agrochemical fungicides that block electron transport in complex III of the mitochondrial respiratory chain, and often stimulate the fungal mitochondrial alternative oxidase during respiration [35] . Strobilurins also trigger a positive effect on plant growth and function. Although the exact mechanism remains unknown, this is likely to be through an interaction with electron transfer in plant mitochondria [36] . It was demonstrated recently that the synthetic fungicide kresoxim-methyl, a modification of the naturally occurring compound strobilurin A, acts as an effective priming agent in the prevention of salt and drought stress in Medicago truncatula plants; this ameliorative effect is achieved through suppressing proteolysis, among other pathways [37] . Synthetic priming agents can also be in the form of simultaneous donors of compounds with recorded priming effects. An example is that of NOSH-aspirin (NBS-1120), a novel nitric oxide-and hydrogen sulfide-releasing hybrid, which was initially formulated as an anticancer drug but also displays ameliorative effects against abiotic stress conditions in plants [38, 39] .
Promising Chemicals: Assessment of Common Components of the Mode of Action of Agents
Plants pretreated at different developmental stages (e.g., as germinating seed, or in the vegetative or reproductive stage) with SNP (NO donor), H 2 O 2 , NaHS (H 2 S donor), Mel, or PAs show enhanced systemic acquired tolerance, and exposure to various abiotic stresses has less impact on their physiology and growth than on non-pretreated plants (Table S1 and Figure 1 ). The mode of action of these compounds as priming agents remains unclear; however, the evidence regarding common tolerance activation sites and signaling pathways that appear related to enhanced tolerance against different abiotic stresses strongly supports their potential for enhanced multi-stress tolerance.
NO, H 2 O 2 , H 2 S, Mel, and PAs (or their functional analogs) are all endogenous plant molecules with regulatory functions in plant abiotic stress tolerance [22, 23, 31, 33] . Exogenous application of low concentrations of these molecules initially causes an increase in their endogenous concentrations, but without subsequent inhibition of plant growth [40] [41] [42] [43] [44] . Increased endogenous concentrations of these compounds have also been indicated in non-primed plants that have been exposed to different abiotic stresses but, in this case, inhibition of plant growth does follow [20, [43] [44] [45] [46] . On this basis, it could be concluded that the pretreatment of plants with chemical agents can initiate a mild stress cue, similar to an acclimation response that leads eventually to enhanced tolerance when the plant is exposed to an abiotic challenge.
On exposure to abiotic stresses, primed plants show enhanced tolerance-related responses that are either common across a range of stresses or are stress-specific. Oxidative stress accompanies almost all abiotic and biotic stresses in plants, and develops as a result of ROS accumulation [47] . ROS accumulation damages proteins, lipids, carbohydrates, and DNA, leading eventually to membrane damage and cell death [48] . Combination of synergistically or additively acting abiotic stresses results in even more severe oxidative stress [6, 49] . Consequently, the control of ROS cellular homeostasis is considered to be a key element underpinning enhanced multi-stress tolerance [50] . When exposed to a range of individual and combined abiotic stresses, plants pretreated with the chemical agents discussed above have been shown to have lower ROS ( (Table S1 ). The mitigation of oxidative stress as a result of reduced ROS accumulation following chemical priming has been related either to the enhanced capacity of the antioxidant machinery or to the direct scavenging of ROS by the agents themselves (e.g., Mel [51]). The capacity of the antioxidant machinery depends on enzymatic (superoxide dismutase, SOD; catalase, CAT; ascorbate peroxidase, APX; glutathione reductase, GR; monodehydroascorbate reductase, MDHAR; dehydroascorbate reductase, DHAR; glutathione peroxidase, GPX; guaicol peroxidase, GOPX and glutathione-S-transferase, GST) and non-enzymatic antioxidant systems (ascorbic acid, ASH; glutathione, GSH) that work in concert to control ROS [48] . When exposed to different abiotic stresses, whether applied individually or in combination, primed plants show enhanced enzymatic (activity) and/or nonenzymatic capacity (ASH and GSH redox state) compared to non-primed plants (Table S1 ). (Table S1 ).
Exposure of seeds to abiotic stresses, such as salinity, drought, heavy metals, and chilling, results in lower seed viability, reduced germination, and poor seedling establishment [53, [58] [59] [60] [61] . In addition to enhanced antioxidant capacity, primed seeds show rapid enhancement of /-amylase and/or b-amylase activities, this leads to enhanced starch degradation and sugar accumulation, which in turn results in higher respiration rates, seed viability, germination rates, and seedling establishment than for non-primed seeds [53, [58] [59] [60] [61] . Recent evidence suggests that, under conditions of water stress, chemical agents such as PAs may not only enhance the activities of /-amylase and/or b-amylase but may also induce the de novo biosynthesis of b-amylase through elevating b-amylase gene expression at the early stages of seed germination [61] .
Drought, salinity, chilling, and freezing result in osmotic stress that can lead to turgor loss and severe inhibition of growth. Plants sustain their osmotic homeostasis partly through accumulation of osmoregulatory compounds (e.g., free proline and other amino acids, soluble carbohydrates, soluble proteins) [62] . Osmoregulation leads to maintenance of cell and plant turgor, stomatal opening, and thus enhanced photosynthesis and growth. Heat stress results in protein denaturation and aggregation, increased membrane fluidity, inactivation of enzymes, inhibition of protein synthesis, and oxidative stress [80] . Plants pretreated with chemical agents have been shown to have enhanced heat tolerance compared with non-primed plants [20, 40, 69, [81] [82] [83] [84] . In strawberry plants pretreated with NaHS, enhanced thermotolerance was attributed to prolonged upregulation of heat-shock proteins (HSPs; HSP70, HSP80, HSP90) transcripts and enhanced antioxidant capacity [20] .
Pretreatment of plants with selected chemical agents at any developmental stage improves tolerance on exposure to almost any abiotic challenge. The hyperactivation of tolerance mechanisms, such as detoxification, osmoprotection, and protein and ionic homeostasis ( Figure 1B) , is accompanied by significant amelioration of stress impacts on plant physiology and growth (Table S1) . As a result, chemical priming improves agronomic traits such as yield. For instance, pretreatment of a salt-sensitive and a salt-tolerant rice cultivar with PAs resulted in 62% and 16% increases in grain yield, respectively, under salt stress [73] . The actual events resulting in this remarkable effect and the sequence in which they take place during the PS (that is, between the pretreatment with a chemical agent and exposure to stress) remain unclear and require further investigation. For instance, significant interest is directed towards the study of the molecular mechanisms where chemically primed plants accumulate dormant tolerance signals that could act as memory imprints during the establishment of priming ( Figure 1B) . Use of state of the art systemsbiology approaches will contribute greatly to full deciphering of the protective mode of action of these compounds.
Challenges and Opportunities
Recent research has revealed challenges as well as opportunities for the employment of chemical priming as a useful tool in plant stress physiology and as a technology applicable in crop stress management. Chemical agents can be effective at very low concentrations, which would suggest low costs of application, but can be deleterious at higher concentrations [40, 83, [85] [86] [87] . For example, NO and H 2 S have inhibiting effects on the mitochondrial electron transport chain when applied at high concentrations [88] . The hazardous effects of these chemical agents at higher concentrations indicate a need for development of smart application technologies enabling application of the most appropriate concentration (Box 1).
Pretreatment with specific chemical agents results in enhanced systemic tolerance even when the agent is applied only on a particular organ. For instance, several studies have shown that root pretreatment will enhance vegetative tissue tolerance when plants are exposed to various abiotic stresses (Table S1 ). This systemic improvement of plant tolerance implies that there is considerable flexibility in terms of the method of application of the chemical agent, which can be tailored to other crop management practices, such as irrigation.
A discrepancy exists in the findings of different studies on the duration of the PS. In most studies plants were exposed to the abiotic stress immediately following pretreatment with a chemical agent (Table S1 ). This does not permit quantification of the duration of the PS, which would be of great significance for crop stress management (see Outstanding Questions). Optimally, the PS should last throughout the whole cultivation period, or at least during periods with a high frequency of abiotic stresses. Recent studies revealed that strawberry plants treated by root incubation with either SNP, H 2 O 2 , or NaHS for 2 days, and then immediately subjected to stress, have enhanced tolerance, whereas pretreated plants subjected to salinity or drought stress 7 days (for SNP and H 2 O 2 ) and 3 days (for NaHS) after pretreatment were found to have no or only moderately enhanced tolerance, respectively [52, 54] . Another study demonstrated that tomato plants pretreated with H 2 O 2 (within the nutrient solution) showed enhanced tolerance when exposed to chilling stress 4 days after pretreatment [65] . In addition, soybean plants pretreated (using foliar spraying) with the polyamine spermine showed enhanced tolerance when exposed to drought 14 days after pretreatment [89] . It appears, therefore, that a plant has the capacity to be maintained in PS after treatment with a chemical agent for no more than few days (or perhaps longer), but this depends on parameters that are currently unknown. Further research needs to be directed at the mechanisms underpinning the PS and its duration.
It has been proposed that dormant signaling molecules, or the proteins involved in their synthesis, are accumulated during priming by pre-exposure to an abiotic or biotic stress factor; these molecules are then recruited upon subsequent stress exposure, resulting in a faster and stronger defense response compared to non-primed plants [90] . Mechanisms underlying a more persistent and dynamic stress-or priming-induced memory are epigenetic modifications. Recently, it has been suggested that epigenetic modifications are involved in priming phenomena against abiotic challenges [10] . Such modifications may lead to long-lasting memory and potentially even transgenerational enhanced protection against abiotic stresses, possibly Box 
Mode of Application
An important element to consider in priming approaches is the optimal mode of application. There are often contradictory findings in such studies, which can be attributed at least in part to the great variability in the method of treatment with various compounds. A recent study demonstrated that NO donation efficiency with SNP in Medicago truncatula plants depended significantly on the tissue of application and the method used; among other approaches, hydroponics, leaf spraying, root watering, and vacuum infiltration were evaluated [98] . The findings indicated that maximum NO levels were induced in leaves by vacuum infiltration, whereas hydroponic application resulted in maximum NO levels for roots, the latter approach being optimal for a whole-plant study in which leaf tissue was also analyzed. The choice of optimal mode of application is linked to the systemic protective effects often observed with priming agents, and to whether the stress factor is imposed distal to the tissue examined (e.g., the response of leaves to a salinity stress imposed on the roots). Thus, preliminary optimization is crucial before adopting a mode of priming because this may be compound-, tissue-, or even plant-specific.
through modification of histones, including the shortening and fractionation of H3K27me3 (histone H3 trimethylated on lysine 27) islands, and DNA methylation [90] . The study of epigenetics is a new direction in chemical priming research that should be pursued with more vigor.
Innovative application technologies such as seed priming (Box 2) have recently attracted much attention [91] . Seed pretreatment, either by coating (Mel [55] ) or pre-soaking (polyamines [72] ), was found to maintain enhanced tolerance when plants were exposed to stress conditions 7 and 17 days later, respectively. Application of chemical priming at this stage would seem to be desirable because it would reduce the costs associated with later priming treatments in the field (e.g., by spraying or irrigation) and thus increase the benefits for farmers. Further research will be necessary to assess the duration in which a plant can be maintained in its PS after seed priming.
The use of chemical priming agents to achieve enhanced plant tolerance delivers a more consistent and less variable priming response, which renders the approach accessible to molecular and genetic studies [90] . Pharmacological studies, such as the use of inhibitors, are also crucial to confirm the protective action of specific priming agents. This is particularly important when different protective compounds are applied simultaneously, which requires elucidation of any synergistic/additive/inhibitory combined effects (e.g., NOSH-A [40]), and also in the case where donors are known to induce other side effects, such as the release of cyanide by the NO donor, SNP [92] . Uniform and efficient seed germination and establishment of early seedlings are crucial components for agricultural crop production under stressful environmental conditions [99] . Abiotic stresses such as salinity and drought adversely affect seed germination and young seedling establishment either by reducing external water potentials or through the accumulation of toxic ions such as Na + and Cl À in the seedling tissues [100] . Chemical seed priming, which is the pre-sowing treatment of seeds with synthetic or natural compounds with the aim of increasing the uniformity and vigor of seedlings and enhancing the tolerance of plants to stress factors, affects plant performance in two different ways. (i) Primed seeds are at a developmentally advanced physiological stage compared to non-primed seeds, and this early start improves germination rates and early crop establishment.
(ii) The chemical exposure enhances stress tolerance in a manner similar to the way in which plant priming improves tolerance through memory.
Seed priming improves seed viability by inducing the DNA repair machinery to repair damaged DNA, which occurs during seed aging [101] , while it also results in the activation of respiration and ATP production during the imbibition stage [102] . In some seed-priming treatments, seeds absorb water slowly owing to the lower water potential of the priming solution.
As a result, the seeds have more time to complete DNA repair processes and also have reduced cellular damage, which often occurs during rapid seed rehydration during germination of unprimed seeds [103] . Chemical compounds that are routinely used for seed priming stimulate the generation of signaling molecules or transcription factors in an inactive form, thus resulting in a faster or stronger activation of defense responses upon exposure to stress [104] . In addition, such agents have been shown to reduce oxidative stresses that are associated with most abiotic stresses [105] , in a similar fashion to their mode of action in seedlings and more mature plants. Importantly, the priming effect that occurs when chemical compounds are applied to seeds is prolonged into later plant developmental stages. For example, 7-day old soybean seedlings subjected to drought showed enhanced tolerance when their seeds were previously coated with Mel [55]. Similar results were observed when wheat seeds were treated with H 2 O 2 [63] . These studies support the notion that seed priming may be a method of improving tolerance through memory (potentially through epigenetic modifications).
In line with increasing commercial interest, because application of chemical priming at this stage seems desirable given reduced application costs and prolonged potential protection, several germplasm banks and seed companies are using different chemicals agents to enhance seed germination and early seedling establishment [106] environment in a broader sense, such as aquatic habitats, may be negatively affected by the use of chemical compounds in agriculture. For example, the cyanide gas released when SNP is applied to plants [92] is considered as a 'priority pollutant', especially in aquatic environments [93] . The study of possible environmental impacts by the use of chemical priming agents is necessary for selecting environment-friendly agents. The mode of application (Box 1) should be carefully considered in such studies. For example, the selection of seed priming (Box 2) over other modes of application (e.g., canopy spraying or root watering) may prevent negative effects of a potentially hazardous chemical compound on the environment.
Concluding Remarks and Future Perspectives
The action of chemical compounds such as NO, H 2 O 2 , H 2 S, Mel, and PAs as abiotic stress signaling molecules and as effective chemical priming agents against different abiotic stresses has previously been established. However, few studies have tested these chemical agents against combined abiotic stresses. Known aspects of the mode of action of these chemical agents suggest strongly that chemical priming can potentially be used against multiple abiotic stress phenomena that occur in the field; however, further research is required in this area, both on the mode of action and on the effects on yield.
Recent research on chemical priming has provided further knowledge of the complex mode of action of specific signaling molecules in plant stress tolerance. Further pharmacological research (e.g., to test the use of chemical agents in combination with RONSS scavengers or agent inhibitors) and time-series studies in combination with proteomics, transcriptomics, and metabolomics studies will be invaluable in further unraveling the complex machinery of chemical priming and systemic acquired tolerance. In addition, feasibility studies on the use of chemical priming agents in practice should be performed. Low cost (e.g., SNP [94] ), low concentration chemical compounds [95] , in combination with the remarkable yield enhancement already seen to occur [73] , would indicate a low cost-benefit ratio; however, other parameters such as the mode of application, the integration of chemical priming in crop management practices, and the potential environmental impacts of such an approach also need to be considered.
The use of chemical priming to enhance plant tolerance against multiple abiotic stresses is highly promising. Further research in the directions proposed in this review (see Outstanding Questions) would greatly support the establishment of this technology in crop stress management in the near future. 
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